In recent years, photosynthetic microalgae regained attention for biodiesel production. For efficient utilization of microalgae, a number of criteria including a strain with high biomass and lipid productivities and employment of effective and reliable methods for oil extraction from the obtained biomass should be met. Recently, we have isolated and identified three thermo-resistant green microalgae strains, namely; Scenedesmus sp. ME02, Hindakia tetrachotoma ME03 and Micractinium sp. ME05. In this study, we compared percent lipid content of thermos-tolerant microalgal strains using the following solvent extraction methods: Soxhlet, Bligh and Dyer and Folch methods with or without assisted cell disruption techniques including lyophilization, homogenization, ultrasonication, bead and microwave-assisted. The highest increase in lipid yield was obtained with a combination of lyophilization and ultrasonication techniques together with Soxhlet method: 27% of total dry weight for Micractinium sp. ME05. We conclude that lyophilization and ultrasonication are effective assistance methods for lipid extraction from thermo-resistant microalgae.
Introduction
The global demand for fuels is at all time high due to the ever-increasing world population and energy consumption associated with it [1] . Currently, majority of world fuel demand is supplied by fossil-based fuels [2] . This type of fuel is problematic in many respects, particularly because of its detrimental effects on the environment and needs to be replaced by renewable energy sources in the near future [3] [4] . One form of renewable energy is derived from sustainable biological materials. Plants have been recognized as alternative sources of biofuels such as bioethanol production from corn or sugarcane and biodiesel production from oil crops like soybeans or oil palm [1] . However, the most important drawback of using crop plants for energy production is the competition with food consumption and limited availability of agricultural land. Photosynthetic microalgae are advantageous as an alternative source of biodiesel with little or no competition for arable land, adaptability to different growth environments, high biomass accumulation and lipid yield [5] . Oil content of some microalgae can be as high as 80% of dry weight [6] . Despite these advantages, microalgae are yet not commercially competitive with petroleum based fuel [1] [7] . Lipid yield can substantially vary depending on the type of microalgae used as well as cultivation conditions of the particular strain such as light intensity, temperature and growth media [8] . Thus, prior to large scale cultivation, each parameter needs to be optimized per microalgal strain.
One of the prerequisites for efficient utilization of microalgae for biodiesel production is to employ effective and reliable methods for oil extraction from the microalgal biomass [9] . Lipids generally dissolve in organic solvent such as hexane, ether and chloroform [10] . Particularly, the choice of solvent is of major importance for efficient lipid extraction. Traditional lipid extraction methods involve use of methanol and chloroform as solvents. Folch et al. were among the first to successfully isolate lipids from animal tissues in a methanol/chloroform/water phase [11] . A second method developed by Bligh and Dyer utilizes the same solvents for extraction at different initial solvent to sample ratios [12] . This method was originally used for lipid extraction from fish tissue but became a popular technique for lipid extraction from microalgae as well. Despite their widespread application, both Folch and Bligh and Dyer methods require use of high amounts of toxic chemicals, methanol and chloroform, which have adverse effects on human health and the environment. An alternative solvent used for lipid extraction is the non-polar solvent hexane. It is advantageous as it is less toxic, easily evaporated, relatively cheaper and highly selective for neutral lipids and it eliminates other non-lipid contaminants [9] . Due to these qualities, hexane can easily be scaled up for large amounts of lipid extraction. Besides choosing the right solvent, choice of extraction methodology and equipment is also important [13] . A classical method for lipid extraction involves the use of a specialized device known as the Soxhlet apparatus [14] [15] .
Another important parameter for successful extraction is the mode of cell disruption prior to addition of the extraction solvent. Microalgae contain rigid cell walls that need to be removed for efficient recovery of lipids. A commonly used method of cell disruption is mechanical disruption via homogenization, pressing or bead milling (bead beating). Homogenization and pressing rupture the cell walls by applying pressure, whereas bead milling damage the cell wall via agitation through grinding with small beads at high speed [1] . Other assisted techniques of lipid extraction include but are not limited to microwave, ultrasonication and lyophilization. The main principle of microwave technology is to generate thermal energy via friction of the polar water molecules inside the cells. Upon heating in the microwave oven, the cells will eventually rupture due to the pressure caused by evaporation of the water molecules [16] . During ultrasonication, high intensity sound waves cause agitation via creating micro-scale bubbles. These bubbles collapse and burst near cell walls in a high/low pressure cycle causing rupturing of the cells. By mechanical means, ultrasonication disrupts cell walls and allows release of the cellular content for efficient extraction [17] . Lyophilization or freeze-drying, on the other hand, refers to dehydration of frozen cells under a vacuum chamber via evaporation of ice crystals.
In a recent study, we isolated and characterized three thermo-resistant green microalgae, namely; Scenedesmus sp. ME02, Hindakia tetrachotoma ME03, and Micractinium sp. ME05 from thermal water flora of Central Anatolia [18] . We identified these strains as potential candidates for large scale biodiesel production. In this study, we evaluated efficiencies of three solvent extraction methods, namely Soxhlet extraction, Bligh and Dyer and Folch methods with or without assisted cell disruption techniques including lyophilization, homogenization, ultrasonication, bead-assisted and microwave-assisted for lipid extraction from these microalgae. Lyophilization and ultrasonication or a combination of both techniques significantly improved the lipid yield in most cases.
Materials and Methods

Microalgal Strains and Cultivation Conditions
In this study, comparison of different lipid extraction methods from three green microalgal strains, Scenedesmus sp. ME02, H. tetrachotoma ME03 and Micractinium sp. ME05 were evaluated. All three strains were obtained from thermal water pools of Haymana, Ankara, Turkey and isolated in our laboratory [18] 
Lipid Extraction Methods
One part of extract was dissolved in forty parts of solvent in three different modified extraction methods: Bligh and Dyer, Folch and Soxhlet extraction method [11] - [15] . For all three methods, initially two flasks of 100 mL of the same microalgal suspension were separated and centrifuged at 3000 g for 10 min at 4°C. Then, for dry weight calculation, one tube containing the pellet was taken and oven-dried. The second tube was used for lipid extraction according to the method of choice. All experiments were performed with three biological replicates (n = 3).
Folch Method
This method was originally described by Folch [11] . Pellet of 100 mL microalgal suspension was mixed with chloroform and methanol in a 2:1 v/v ratio and mixed thoroughly in a vortexer. Then, methanol and water were added to the mixture to a final ratio of 1:1:0.9 v/v for methanol:chloroform:water, respectively. The final ratio of pellet to methanol, chloroform and water mixture should be 1:40 w/v. The mixture was shaken for 10 min in a separating funnel and incubated until two distinct phases were visible. The lower phase containing the microalgal lipids was separated and evaporated by a rotary evaporator (BUCHI Rotavapor R-200). Lipid content was quantified gravimetrically.
Bligh and Dyer Method
Bligh and Dyer method was carried out as described previously with some modifications [12] . Pellet of 100 mL microalgal suspension was mixed with methanol and chloroform in a 2:1 v/v ratio and mixed thoroughly in a vortexer. Then, chloroform and water were added to the mixture to a final ratio of 1:1:0.9 v/v for methanol: chloroform:water, respectively. The rest of the protocol is identical to that of Folch method as described above.
Soxhlet Method with Hexane
Soxhlet extraction method with n-hexane was performed with some modifications [14] [15] . One part of pellet was mixed with forty parts of n-hexane in the Soxhlet apparatus. The solvent was heated to reflux. Total oil of microalgae was dissolved in n-hexane. Pellet was left for 24 hours in Soxhlet apparatus and oil was taken from the distillation flask. Remaining n-hexane was evaporated by rotary evaporator (BUCHI Rotavapor R-200). Microalgae oil was weighed and lipid yield was calculated gravimetrically.
Cell Disruption Techniques of Microalgal Strains for Assisted Lipid Extraction
We carried out five different cell disruption methods, namely; homogenization assisted (H-A), microwave assisted (MW-A), ultrasonication assisted (US-A), bead assisted (B-A) and lyophilization assisted (L-A) and combinations of these together with the three solvent extraction procedures.
Homogenization Assisted (H-A) Method
100 mL of microalgal suspension was homogenized in tubes on ice by a homogenizer (Heideoph Diax-900) with 20 s homogenization time and 5 s interval. We tried three different time points; 5, 10 or 20 min for the total time of homogenization.
Microwave Assisted (MW-A) Method
100 mL of microalgal suspension was placed in a conventional microwave oven (Arcelik intellewave MD-599) and samples were disrupted at 900 W, 20 s microwave power and 5 s interval time for a total duration of 1, 5 or 10 min.
Ultrasonication (US-A) Method
100 mL of microalgal suspension was extracted on ice via an ultrasonicator (Cole Palmer Ultrasonic Processor CPT) at 400 W, 20 s ultrasonication, 5 s interval time for a total duration of 5, 10 or 20 min.
Glass Bead (B-A) Method
100 mL of microalgal suspension was mixed with 2 g glass beads (0.4mm diameter in size) and shaken for 5, 10 and 20 min at 1000 rpm rotation speed.
Lyophilization Assisted (L-A) Method
Microalgal suspension culture was centrifuged at 3000 g for 10 min at 4˚C and pellet was freeze-dried (lyophilized) in a lyophilizator (Christ D-37520 Alpha 1-4 LD plus) for 24 hours. The lyophilized samples were weighed and 4 mL of solvent was added per 0.1 g lyophilized tissue in each of the three solvent extraction methods. For a double combination of L-A technique with other cell disruption methods, lyophilized samples were used in each subsequent assisted technique (i.e. MW-A, US-A and B-A) prior to solvent extraction.
Results
Solvent Extraction Methods with No Assistance
In this study, we did a comparative analysis of three different solvent extraction methods with or without assisted techniques for lipid extraction from three thermo-resistant microalgae strains, namely; Scenedesmus sp. ME02, Hindakia tetrachotoma ME03, and Micractinium sp. ME05 isolated from thermal water flora of Central Anatolia [18] . Initially, three solvent extraction methods; Soxhlet method, Bligh and Dyer, and Folch methods were used with no additional assisted technique. Results are summarized in Figure 1 
Extraction Assisted Methods
Next, we employed five different cell disruption techniques for assisted extraction of lipids from microalgal cells. These techniques are as follows: Homogenization assisted (H-A), microwave assisted (MW-A), ultrasoniccation (US-A), glass bead (B-A) and lyophilization assisted (L-A) methods.
For four of these five methods, namely; H-A, MW-A, US-A and B-A, we tested three different time durations of cell disruption ( Table 1) . For the H-A method, increasing the time of homogenization from 5 min to 10 min slightly improved the lipid yield for all three species and solvent extraction methods. A further increase in homogenization time to 20 min, on the other hand, did not lead to further improvement in yield. Therefore, 10 min was determined as the total time of homogenization. Soxhlet 7 ± 3 8 ± 2 8 ± 2 8 ± 1 7 ± 1 8 ± 2 8 ± 1 7 ± 1 8 ± 2 9 ± 2 7 ± 1 7 ± 1 8 ± 2
Bligh and Dyer 7 ± 3 7 ± 1 8 ± 2 7 ± 1 6 ± 1 6 ± 2 6 ± 1 7 ± 2 6 ± 1 8 ± 2 5 ± 1 6 ± 1 7 ± 2 Folch 5 ± 1 5 ± 1 6 ± 1 5 ± 1 5 ± 1 5 ± 1 5 ± 1 5 ± 1 6 ± 1 5 ± 1 6 ± 1 5 ± 1 5 ± 1 Scenedesmus sp. ME02 Soxhlet 9 ± 1 11 ± 1 11 ± 1 11 ± 1 11 ± 1 11 ± 2 9 ± 1 12 ± 2 11 ± 2 14 ± 2 10 ± 1 10 ± 2 11 ± 1
Bligh and Dyer 9 ± 2 9 ± 1 12 ± 2 10 ± 1 9 ± 1 10 ± 1 11 ± 1 11 ± 1 12 ± 1 12 ± 1 9 ± 1 9 ± 3 9 ± 1 Folch 10 ± 2 10 ± 2 11 ± 1 7 ± 1 9 ± 1 10 ± 1 8 ± 2 8 ± 1 11 ± 1 12 ± 1 8 ± 1 7 ± 1 11 ± 1 Micractinium sp. ME05 Soxhlet 14 ± 1 17 ± 2 20 ± 3 19 ± 2 14 ± 1 16 ± 1 16 ± 1 17 ± 1 17 ± 2 18 ± 1 13 ± 1 15 ± 1 16 ± 2
Bligh and Dyer 13 ± 3 14 ± 2 17 ± 2 17 ± 1 12 ± 1 14 ± 2 13 ± 1 14 ± 1 12 ± 2 16 ± 1 13 ± 1 14 ± 2 17 ± 1 Folch 12 ± 1 14 ± 2 16 ± 1 15 ± 1 11 ± 2 14 ± 1 14 ± 1 14 ± 1 14 ± 2 15 ± 1 10 ± 1 11 ± 1 13 ± 1 * Indicates durations that were used as data points in Figures 2-4 .
For the MW-A method, three different time durations of 1, 5 and 10 minutes were tested. 5 and 10 minutes of cell disruption in the microwave oven led to slightly higher percent lipid yield in most cases compared to one minute of disruption ( Table 1) . Between 5 and 10 minutes, we chose the latter as the total duration of microwave time due to the consistency of final percent yields between three biological replicates reflected by low standard error.
Finally, 20 minutes of incubation time was determined as the ideal duration of disruption for both US-A and B-A techniques.
Once the duration of disruption for each technique was determined, we compared all five extraction assisted techniques as well as double combinations of lyophilization assisted (L-A) method with MW-A, US-A and B-A in terms of percent lipid yield (Figures 2-4) . For Scenedesmus sp. ME02, US-A together with the Soxhlet method resulted in an oil recovery of 14%. L-A and US-A combined further increased the lipid yield to 15.7% ( Figure 2) . For H. tetrachotoma ME03, US-A and L-A in combination with the Soxhlet method (n-hexane) were equally effective leading to an increase in lipid yield from 7.0% to 8.7%. For the same species, using the Soxhlet method together with L-A and US-A techniques combined further increased the lipid yield to 9.3%. Finally for Micractinium sp., Soxhlet extraction using the lyophilized samples (i.e. L-A technique) yielded in a nearly two fold increase in total lipid content (22.7%) compared to Soxhlet extraction alone (13.7%). However, the highest increase in percent lipid yield was achieved with L-A and US-A combined (27.3%) (Figure 2) .
Next, we compared the effectiveness of each assisted or a combination of assisted technique(s) together with the Bligh and Dyer solvent extraction method for all three species used in our study. The results were similar to those of Soxhlet method with minor differences (Figure 3) . A combination of L-A and US-A resulted in the highest increase in percent lipid yields in Scenedesmus sp. ME02 (12.7%), H. tetrachotoma ME03 (9.3%) and Micractinium sp. ME05 (24%) compared to Bligh and Dyer method alone.
For the Folch method, although some improvement was achieved particularly with L-A and US-A combination in H. tetrachotoma (7.3%), increase in lipid yield was not nearly as high as either the Soxhlet or the Bligh and Dyer methods in Scenedesmus sp. (11.3%) (Figure 4) .
Taken together, extraction assisted techniques significantly improve the percent lipid yield when combined with a solvent extraction method. Lyophilization and ultrasonication and a combination of both proved to be particularly effective for three green microalgae species used in this study.
Calculation of Lipid Productivities of Microalgae
We calculated lipid productivities of Scenedesmus sp. ME02, H. tetrachotoma ME03, and Micractinium sp. ME05 as a factor of gram per liter dry weight per day ( Table 2) . We previously determined and described growth characteristics of each three species [18] . Based on the results, Scenedesmus sp. ME02 had the lowest lipid productivity (0.006 g•L 
Discussion
Solvent Extraction Methods with No Assistance
The choice of an effective extraction method depends on both the type of microalgae used and the solvent of choice. Previous studies emphasized importance of selecting an optimal extraction method suitable for different microalgae with different cell sizes, cell wall structure, lipid and fatty acid characteristics [21] - [23] . Lee et al. using different extraction methods [21] . All microalgal strains used in this study belong to different taxonomic groups (i.e. Scenedesmus, Hindakia and Micractinium genera). However, the extraction method of choice did not show a significant difference among any of the three species used (Figure 1 ). An appropriate solvent extraction method may be selected on a number of criteria. For instance, in a comparative study, Guckert et al. found Soxhlet method with methylene chloride:methanol (2:1) to be the most selective method for extraction of neutral lipids among others [24] . However, Soxhlet method is not suitable for extraction of unsaturated lipids due to instability of these lipids at elevated temperatures during reflux. High temperature can also accelerate transesterification of lipids in the presence of methanol, changing their natural form. In this respect, Bligh and Dyer method with chloroform and methanol causes less artifacts, therefore; results obtained with this method are considerably more reliable and reproducible [24] . However, Bligh and Dyer method is practically not convenient for large scale extractions due to high amounts of toxic waste generated, which requires expensive recycling methods and compromises user safety [25] .
Hexane as an extraction solvent, on the other hand, is advantageous for large scale extractions due to being cheaper and less toxic compared to other solvents like chloroform and methanol [26] [27] . Additionally, it has no affinity for non-lipid contaminants during extraction. In this study, the solvent extraction method of choice alone did not differ significantly for any of the three species used.
Extraction Assisted Methods
In the present study, lipid extraction from dry material (i.e. lyophilized samples) proved to be more effective than using wet material. Among other benefits like easy handling and storage [28] , lyophilization may also assist in direct and rapid contact of samples with the extraction solvent by increasing the surface area [29] without altering the initial solvent to water ratio in contrast to using wet material.
Several studies tested the effectiveness of microwave-assisted disruption for lipid extraction from microalgae. In a previous study, Lee et al. found among other methods, microwave to be the most effective in oil extraction from Botryococcus sp., Chlorella vulgaris and Scenedesmus sp. [21] . In yet another study, Balasubramanian et al. showed a 30% increase in lipid yield using the microwave assisted extraction compared to control from Scenedesmus obliquus [30] .
In a recent study, Koberg et al. successfully employed a one-step biodiesel production method via microwave and ultrasonication directly from Nannochloropsis biomass [31] . In yet another study, Cui et al. used microwave irradiation for direct transesterification of Cryptococcus curvatus and effectively determined optimum conditions of biodiesel production [32] . In addition, Cheng et al. studied direct transesterification of wet Chlorella pyrenoidosa via microwave and compared it to two-step process of biodiesel production. They found that one step process displayed six-fold higher biomass than that of two-step process for wet Chlorella pyrenoidosa [33] . In our study, microwave assisted technique did not result in significant improvement of lipid yield. Increasing the microwave processing time to 20 minutes or higher and using a high-power industrial scale microwave oven could help in improving the results.
Shen et al. showed that various cell disruption techniques including bead-beating, French press, sonication and wet milling followed by solvent extraction had different effects on the lipid contents of Scenedesmus dimorphous and Chlorella protothecoides [34] . For instance, in S. dimorphus, wet milling resulted in more than five fold increase in lipid yield compared to solvent extraction alone. In C. protothecoides, on the other hand, bead beating was the most effective technique in lipid recovery. In a previous study, Araujo et al. studied different lipid extraction methods and found the Bligh and Dyer method as suitable extraction method for Chlorella vulgaris [35] .
Lee et al. found bead-beating and microwave methods to be the most efficient methods for Botryococcus sp. compared to homogenization, French press and lyophilization while sonication was the least effective [26] . Cell wall structure, cell size, bead size and duration and speed of beating are important parameters affecting the efficiency of the bead-beating method. Smaller bead size can be tried for more effective extraction as 4 mm bead size used in our study may have been less effective for disruption of cells of approximately 2 -3 µm in size [18] . Optimization of these parameters in future studies may improve the lipid yield.
Conclusion
In this study, we did a comparative analysis of three methods, namely Soxhlet extraction, Bligh and Dyer with chloroform and methanol (initial ratio of 1:2) and Folch with chloroform methanol (initial ratio of 2:1) methods for effective lipid recovery from thermo-resistant green microalgal species, Scenedesmus sp., Hindakia tetrachotoma and Micractinium sp. The highest increase was obtained with a combination of lyophilization and ultrasonication techniques together with Soxhlet extraction with hexane. This study has practical applications for large scale biodiesel production from microalgal biomass as lyophilization and ultrasonication are suitable for scaling up for large scale lipid extraction for biodiesel production.
